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Abstract 
Flame Spray Pyrolysis (FSP) is known to enable a direct deposition of a variety of nanoparticle materials onto various type of 
sensor substrates. Nevertheless, the directly deposited sensing layers come with intrinsic drawbacks such as high baseline 
resistivity and fragility, both associated to their extremely high porosity. Accordingly, here, we are showing that by applying a 
lamination process for the sensor preparation it is possible to overcome those problems. Compression leads to a lower baseline 
resistance, a gain in terms of sensor response and a more robust sensing layer, compared to the directly deposited counterpart. 
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1. Motivation 
The demand for new, cheap but high performance materials and technologies for mass production of sensing 
devices for various purposes, accompanied by the need of low power consumption of the device is driving research 
and development since quite some time. 
The conventional way for sensor production of semiconducting metal oxide (SMOX) based gas sensors is a quite 
material and time consuming endeavor. As an example, for the most used SMOX, SnO2, the route via sol-gel-
chemistry followed by the drop coating or screen printing deposition and the post treatment to get rid of any binders, 
takes up to two weeks to yield the sensing element. However, utilizing Flame Spray Pyrolysis (FSP) to generate a 
layer of nanodispersed single crystalline materials from an organo-metallic precursor, enables to deposit metal oxide 
materials on any type of substrate in minutes. 
FSP as sensor fabrication approach is not new and it was proven to have inherent advantages by enabling a dry 
single step synthesis and deposition of sensing materials [1-3]. The only obvious drawbacks are the relative 
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mechanical fragility of the as-deposited sensing layers and the high values of baseline resistance of the sensors. 
There are already approaches to address the issue of high baseline resistances by either doping, Grossmann et al. 
have shown that the doping of SnO2 with Sb leads to a reduced baseline resistance without losing sensing 
performance [4], or by employing transducers with much higher aspect ratios [5]. 
The issue of mechanical stability was addressed by applying a lamination process, as Schopf et al. reported for 
TiO2; the layer is getting mechanically much more stable, without losing too much of its porosity [6]. The two-step 
layer transfer process with the synthesis and deposition and the subsequent lamination of the nanomaterial are 
illustrated in Figure 1a. 
2. Experimental 
2.1. Synthesis of the semiconducting metal oxides 
For synthesis of pure and Pd-functionalized SnO2 powders and layers, 0.5 M Sn solutions were prepared by 
diluting Sn(II) 2-ethylhexanoate (Strem, purity ~ 90%) in xylene (BDH Prolabo, purity > 98%). To prepare Pd-
functionalized SnO2, the appropriate amount of palladium acetylacetonate (Sigma-Aldrich, purity 99%) is dissolved 
in Sn solution according to:  
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where mdopant is the mass of dopant and mSn is the mass of Sn. 
The FSP process consists, as described in detail by Mädler et al., of a syringe pump (KDS 100, KD Scientific) 
feeding the liquid precursor solution into the system at a constant 5 mL/min flow rate while 5 L/min of O2 is used to 
disperse the liquid to droplets at 1.5 bar nozzle pressure. Ignition heat is supplied by a CH4/O2 pilot flame [7,8]. 
For material collection, particles are collected on a metal fibre filter (Bekipor ST GA6, BEKAERT) with the 
assistance of a vacuum pump (SV1025C, Busch). The filter was placed in a water-cooled holder 600 mm above the 
nozzle, maintaining an off-gas temperature well below 200 °C.  
 
Fig. 1. (a) Sketch of the two-step layer transfer process. The two process steps of synthesis and accumulation (left) and lamination of 
nanoparticles with removal of the filter (right). (b) Dependency of the baseline resistance as a function of the lamination pressure of the sensing 
layer at two different sensing temperatures. The sensor at the lamination pressure of 0 MPa is in fact not transferred, but directly deposited via 
thermophoretic deposition of the nascent nanoparticles. 
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2.2. Sensor Preparation 
The metallic filter with the nanoparticle filter cake was placed on the sensor substrate (Al2O3 substrates with 
interdigitated Pt electrodes (7 x 3 mm) for sensing film deposition and heating element on the backside). The whole 
assembly was then put into a laminator (Hot Roll Laminator HL-100, Cheminstruments). This setup consists in 
principle out of 2 parallel rolls which are pressed together by air pressure cylinders. 
After the lamination process the metal fibre filter is removed and the compressed layer is transferred onto the 
sensor substrate. 
2.3. Sensor Measurement 
The sensor characteristics of sensing films were characterized toward the concentration of CO gas (100 ppm) in 
dry and humid conditions. Furthermore the behavior to NO2 was investigated (1 ppm). For generating the demanded 
conditions, a dynamic gas mixing system was used at a constant flow of 500 sccm. The sensors have been 
investigated in air in dry as well as in humid (50 % r.h.) conditions. All measurements have been carried out using a 
flow through cell made out of Teflon, the heaters of sensors have been calibrated using a pyrometer prior to the 
sensor measurement. The heater was regulated by a DC power supply for different operating temperatures. The 
operating temperature was varied from 250 °C to 350 °C. The resistances of various sensors were continuously 
monitored with a computer-controlled system by a digital multimeter (Keithley DMM 199). The sensor was exposed 
to a gas sample in pulses of 60 minutes. The sensor signal (S) is defined in the following as the resistance ratio 
Ra/Rg, where Ra is the resistance in dry air, and Rg is the resistance in the test gas atmosphere.  
3. Results and Discussion 
Figure 1b shows the dependence of the baseline resistance on the applied lamination pressure during film transfer. 
The material deposited is SnO2 with 0.1 %-wt surface doping of Pd. It is obvious that by applying a lamination 
process, the baseline resistance of the layer is reduced drastically.  
Fig. 2. (a) Dependency of the sensor signal to CO of three different concentrations at 200 sccm flow in humid air at 300 °C sensor temperature, as 
a function of the lamination pressure of the sensing layer by the lamination process. (b). Dependency of the sensor signal as a function of the 
lamination pressure of the sensing layer for two different concentrations of NO2 at 200 sccm flow in humid and dry air, at a sensor temperature of 
250 °C 
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The reason is the change in morphology of the sensing layer, which results in a denser structure with much 
shorter conducting pathways; the directly deposited functional layers having porosities up to 98 % with surface areas 
up to 160 m²/g [3]. 
Fluctuations at greater lamination pressures are most probably due to the limited number of samples and the 
geometric aspects concerning the sensor substrate. Moreover, the impact of the lamination on gas response can be 
beneficial as shown in Figures 2. The measurements reveal that for sensing CO at temperatures between 250 and 350 
°C the sensor signal increases until a compression of 2.5 MPa was applied. Compressing further on, leads to a loss in 
the response capabilities of the material. In the case of NO2 the same behavior can be found, except that the optimum 
in sensor signal is reached at a compression of 1.5 MPa. In general it can be found, that NO2 is sensed preferably at 
lower temperatures whereas CO is detected better at higher temperatures, regardless the lamination pressure applied 
to the sensor upon material deposition. The mode of action and the origin of the change in selectivity due to the 
compression of the layer are still under investigation. 
4. Conclusion 
Ready to use sensors have been fabricated via FSP and subsequent lamination of the nanopowder to the 
corresponding sensor substrate. The process of lamination did not influence the performance of the resulting sensor 
negatively. The stability of the sensing layer was improved, compared to the direct deposited sensor, and the 
sensitivity was selectively tuned for CO or NO2, respectively. 
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